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Adenosine kinase (ADK) is a purine salvage enzyme and a typical housekeeping enzyme in eukaryotes which
catalyzes the phosphorylation of adenosine to form AMP. Since prokaryotes synthesize purines de novo and no
endogenous ADK activity is detectable in Escherichia coli, ADK has long been considered to be rare in bacteria.
To date, only two prokaryotes, both of which are gram-positive bacteria, have been reported to contain ADK.
Here we report that the gram-negative bacterium Xanthomonas campestris pathovar campestris, the causal
agent of black rot of crucifers, possesses a gene (designated adky ) encoding an ADK (named ADK,.), and
we demonstrate genetically that the ADKy_. is involved in extracellular polysaccharide (EPS) production, cell
motility, and pathogenicity of X. campestris pv. campestris. adky . was overexpressed as a His,-tagged protein
in E. coli, and the purified His,-tagged protein exhibited ADK activity. Mutation of adky . did not affect
bacterial growth in rich and minimal media but led to an accumulation of intracellular adenosine and
diminutions of intracellular ADK activity and ATP level, as well as EPS. The adky .. mutant displayed
significant reductions in bacterial growth and virulence in the host plant.

Adenosine kinase (ADK) is a purine salvage enzyme that
catalyzes the phosphorylation of adenosine to give AMP (56).
ADKs belong to the PfkB family of carbohydrate and nucleo-
side kinases, a family of structurally related enzymes that in-
cludes ribokinase, fructokinase, and hexokinase (5, 57). ADK
activity was first characterized from yeast and mammalian tis-
sues (7, 33). Subsequently, ADKs have been investigated bio-
chemically and/or genetically from a large number of other
eukaryotes, including humans and other mammals (21, 44, 46,
53, 70), plants (20, 47), moss (66), parasitic protozoa (8, 14, 16,
23), and yeast (36, 37). The ADK enzyme has been considered
to be the key metabolic regulator for maintenance of certain
intra- and extracellular levels of adenosine in eukaryotes (2,
22), and there is abundant evidence to indicate that adenosine
is a significant signal molecule engaged in regulation of phys-
iology and modulation of the function of various cell types in
mammals (6, 11, 35). Consequently, the identification of com-
pounds that augment the concentrations and actions of aden-
osine by inhibiting the ADK has been the subject of substantial
drug discovery efforts (34).

Since prokaryotes synthesize purines de novo and no detect-
able endogenous ADK activity was observed in Escherichia coli
(44, 48), the ADK enzyme has long been considered to be rare
in bacteria. To date, only two prokaryotes, both of which are
gram-positive bacteria, have been reported to contain ADK.
One is Mycobacterium tuberculosis, the causative agent of the
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human disease tuberculosis (39), and the other is Streptomyces
lividans (52). M. tuberculosis possesses a unique ADK that can
also catalyze the phosphorylation of the adenosine analog
2-methyladenosine, a compound that has shown selective ac-
tivity against M. tuberculosis (39, 68). In S. lividans, loss of
ADK activity suppresses sporulation and actinorhodin biosyn-
thesis, while hyperproduction of undecylprodigiosin is induced
(52).

The gram-negative bacterium Xanthomonas campestris
pathovar campestris is the causal agent of black rot disease,
one of the most destructive diseases of cruciferous crops
worldwide (1). This pathogen infects almost all the members of
crucifer family (Brassicaceae), including important vegetables
such as broccoli, cabbage, cauliflower, mustard, and radish; the
major oil crop rape; and the model plant Arabidopsis thaliana.
The extracellular polysaccharide (EPS) produced by X
campestris pv. campestris is also called xanthan gum and has
been widely used as a viscosifer, thickener, emulsifier, or sta-
bilizer in both food and nonfood industries (31). Because of its
agricultural and industrial importance, the molecular genetics
of X. campestris pv. campestris have attracted particular atten-
tion for over two decades. The whole-genome sequences of
three different X. campestris pv. campestris strains have been
determined by different research groups (15, 51, 67). Although
no predicted protein was annotated as ADK, a survey of the
genome sequence data of the three strains revealed that the
deduced proteins of the open reading frames (ORFs) XCC_
3471 (GenBank accession number NP_638817.1) in strain
ATCC 33913 (15), XC_0690 (GenBank accession number YP_
241789.1) in strain 8004 (51), and xccb100_0723 (GenBank
accession number YP_001902128.1) in strain B100 (67) display
homology to the ADK of M. tuberculosis. Here we present
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TABLE 1. Bacterial strains and plasmids used in this work

Strain or plasmid

Relevant characteristics

Reference or source

E. coli strains

IM109 recAl endAl gyrA96 thi supE44 relA1 A(lac-proAB)/F’ [traD36 lacl® lacZ AM15] 71
DH5a $&80AlacZM15 recAl endAl deoR Gibco BRL, Life
Technologies
M15 lac ara gal mtl recAI uvrl [pREP4 lacl Kan'] Qiagen
X. campestris pv. campestris
strains
8004 Wild type, Rif" 13
0690pk As 8004, but XC_0690::pK18mob, Rif" Kan" This work
C0690pk 0690pk harboring pL0690; Rif" Kan" Tet" This work
010D08 As 8004 but gumB::Tn5 gusAS, EPS deficient; Rif" Kan" Spc" Gm" Our lab collection
098A02 As 8004 but motB::Tn5 gusAS, motility deficient; Rif" Kan" Spc" Gm" Our lab collection
8004/pLogumGUS 8004 harboring pL6gumGUS; Rif" Tet" This work
0690pk/pL6gumGUS 0690pk harboring pL6gumGUS; Rif" Kan' Tet" This work
8004/pGUS0690 8004 harboring pGUS0690; Rif* Tet" This work
Plasmids
pLAFR3 Broad-host-range cloning vector; Tet" 58
pLAFR6 Promoterless derivative of pLAFR3; Tet" 27
pRK2073 Helper plasmid; Tra® Mob™ ColE1 Spc* 38
pK18mob pUCI8 derivative, lacZa Kan®, mob site, suicide plasmid in X. campestris pv. campestris 55
pK0690 pK18mob containing a 444-bp internal fragment of XC_0690; Kan" This work
pQE-30 Expression vector, allows production of fusion proteins containing N-terminal His,-tagged — Qiagen
sequences; Amp*
pQE-30-0690 pQE-30 containing a 930-bp fragment of XC_0690 coding region; Amp" This work
pL0690 pLAFR3 containing an 1,112-bp fragment including the XC_0690 gene; Tet" This work
pL6gumGUS pLAFR6 containing the promoter region of the gum operon fused to the coding region 65
for gusA; Tet"
pGUS0690 pLAFR6 containing the promoter region of the gene XC_0690 fused to the coding region  This work

for gusA; Tet"

evidence to demonstrate that the ORF XC_0690 of strain 8004
encodes an authentic ADK that is involved in cell motility, EPS
production, and pathogenicity of X. campestris pv. campestris.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. E. coli strains were grown in LB
medium (45) at 37°C. X. campestris pv. campestris strains were grown at 28°C in
NYG medium (containing, per liter, 5 g peptone, 3 g yeast extract, and 20 g
glycerol) (12), NY medium (NYG medium but without glycerol), or the minimal
medium MMX [containing, per liter, 2. 0 g (NH,),SO,, 4.0 g K;HPO,, 6.0 g
KH,PO,, 0.2 g MgSO, - 7TH,0, 1.0 g citric acid, and 5.0 g glucose) (13). Anti-
biotics were added at the following concentrations as required: kanamycin (Kan),
25 pg ml™'; rifampin (Rif), 50 pg ml~'; ampicillin (Amp), 100 pg ml~'; spec-
tinomycin (Spc), 50 pg ml~'; and tetracycline (Tet), 5 pg ml~! for X. campestris
pv. campestris and 15 pg ml~! for E. coli.

DNA manipulations. The methods described by Sambrook et al. (54) were
used for preparation of the plasmid and chromosomal DNAs, restriction diges-
tion, DNA ligation, agarose gel electrophoresis, and DNA transformation of E.
coli. The conjugation between X. campestris pv. campestris and E. coli strains was
performed as described by Turner et al. (62). The restriction endonucleases, T4
DNA ligase, and Pfu polymerase were provided by Promega (Shanghai, China)
and used in accordance with the manufacturer’s instructions.

Construction and complementation of an insertional mutant. An insertional
mutation of the gene XC_0690 was constructed by the homologous suicide
plasmid integration method described by Windgassen et al. (69). A 444-bp
internal fragment, which spans nucleotides 6 to 449 of the XC_0690 ORF
sequence, was amplified by PCR using as template the total DNA of the X
campestris pv. campestris wild-type strain 8004 and as primers the oligonucleo-
tides 5'-CGCACTGATCTGTGGTTCCCTCG-3" and 5'-TGGATCATGCCTT
CGCGCCC-3'. The amplified DNA fragment was cloned into the suicide plas-
mid pK18mob (55). The resulting recombinant plasmid was introduced from the
E. coli strain JM109 (71) into the X. campestris pv. campestris strain 8004 by
triparental conjugation using pRK2073 (38) as the helper plasmid. Transconju-

gants were screened on NYG medium supplemented with Rif and Kan, and the
obtained transconjugants with a mutation in the XC_0690 gene were confirmed
by PCR using the oligonucleotide 5'-GCCGATTCATTAATGCAGCTGGCAC-3,
which is located in pK18mob, and the oligonucleotide 5'-ACAGTTGGATCCG
AGCAAGGAAAAATGCGC-3', which is located upstream of the XC_0690
OREF, as primers. One of the confirmed mutants was named 0690pk (Table 1)
and used for further study.

For complementation of the mutant 0690pk, a 1,112-bp DNA fragment con-
taining the XC_0690 coding region and extending from 177 bp upstream of the
5" end to 2 bp downstream of the 3’ end of the ORF was amplified using as
primers oligonucleotides 5'-ACAGTTGGATCCGAGCAAGGAAAAATGCG
C-3' and 5'-ACAGTTAAGCTTGCTTACAGCGCGTAGCCG-3'. Primers
were modified to give BamHI- or HindIII-compatible ends (underlined). The
amplified DNA fragment was cloned into the plasmid pLAFR3 (58) to generate
the recombinant plasmid pL0690 (Table 1). The recombinant plasmid was trans-
ferred into the mutant 0690pk by triparental conjugation. The transconjugants
carrying the recombinant plasmid were screened on NYG medium supple-
mented with Rif, Kan, and Tet. The resulting complemented strain was named
C0690pk (Table 1).

Determination of transcriptional start site. Rapid amplification of cDNA 5’
ends (5'-RACE) was used to determine the transcriptional start site of the gene
XC_0690. Total cellular RNA was extracted from a 10-ml culture of the X
campestris pv. campestris strain 8004 after 12 h of incubation by using the RNeasy
Midi kit (Qiagen). All RNA isolation steps were performed according to the
manufacturer’s instructions. The isolated RNA was treated with RNase-free
DNase I (Qiagen) at 25°C for 1 h, followed by a second purification using an
RNeasy column. cDNA fragments were obtained using the 5'-RACE kit (In-
vitrogen Life Technologies). All experimental steps were performed according to
the manufacturer’s instructions. RNA was reverse transcribed using the XC_
0690 sequence-specific primer AKP1 (5'-GTAGTGATGAACGCCTGC-3'). An
anchor sequence was then added to the 3" end of the cDNA using terminal
deoxynucleotide transferase, followed by direct amplification of tailed cDNA
using the nested gene-specific primers AKP2 (5'-ATCGATGATCTTCACGCG
CGACAG-3") and AKP3 (5'-GATGCCCAGCGTCTCGAAATGCTC-3") and
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the anchor-specific primer provided. PCR products were then cloned into the
pMD19-T vector and sequenced.

Overproduction and purification of protein. For overproduction of XC_0690,
the ORF XC_0690, which is 930 bp in length, was amplified using as primers
oligonucleotides 5'-ACAGTTGGATCCATGTCCGCACTGATCTGT-3’ and
5'-ACAGTTAAGCTTCAGCGCGTAGCCGAACTG-3'. Primers were modi-
fied to give BamHI- or HindIII-compatible ends (underlined). After being con-
firmed by sequencing, the amplified DNA fragment was cloned into the expres-
sion vector pQE-30 (Qiagen) (Table 1) to generate the recombinant plasmid
pQE-30-0690 (Table 1). In this plasmid, XC_0690 is fused N terminally in frame
to the His, tag-coding region of the plasmid pQE-30. The recombinant plasmid
was transformed into the E. coli strain M15, resulting in strain M15/pQE-30-
0690. For fused protein XC0690-His, overproduction and purification, the strain
M15/pQE-30-0690 was grown to an optical density at 600 nm (ODy) of 0.6 and
then induced by the addition of 1.0 mM IPTG (isopropyl-B-p-thiogalacto-
pyranoside). The culture was grown for a further 4 h. The fused protein was
purified with Ni-nitrilotriacetic acid (NTA) resin (Qiagen). The purified protein
was checked by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and used for enzymatic assay.

Construction of a pr ter reporter plasmid for XC_0690. A promoter re-
porter plasmid for the XC_0690 gene was constructed by fusing a 471-bp DNA
sequence upstream of the start codon ATG (including ATG) of the ORF XC_
0690 with the promoterless B-glucuronidase (GUS)-encoding ORF (excluding
the start codon ATG). The XC_0690 promoter region was amplified from the
total DNA of the X. campestris pv. campestris strain 8004 by using as primers
oligonucleotides 5'-ACAGTTGGATCCCATCGAGTCAGGCCTTTG-3' and
5'-ACAGTTGAATTCCAGCATCTGCTTGGCCTC-3'". Simultaneously, the
gus coding region was amplified by PCR with primers 5'-ACAGTTGGATCCT
TACGTCCTGTAGAAACCCC-3' and 5'-ACAGTTCTGCAGGGCTTTCCCC
CCCCCCCCTGCAG-3', using the transposon Tn5gus45 DNA as template.
Primers were modified to give EcoRI-, BamHI-, or PstI-compatible ends (un-
derlined). The two fragments obtained were cloned into the promoterless
EcoRI-BamHI-PstI sites of the cosmid pLAFR6 (27) to generate the reporter
plasmid pGUS0690 (Table 1).

Cell extract preparation. Bacterial cells cultured in NYG liquid medium for
18 h were harvested by centrifugation and washed in sterile water twice. The cells
were then resuspended in 2.0 ml of 20-mmol/liter potassium phosphate (pH 7.5)
containing 1 mmol/liter dithiothreitol and 0.1 mmol/liter EDTA and disrupted by
sonication (three times for 10 s each at 350-W output). Following sonication, the
cell debris and intact cells were removed by centrifugation (10 min at 18,000 X g) in
a 4°C centrifuge, and the supernatant fraction was collected and used in enzy-
matic assay and adenosine measurement.

Enzymatic assay. For analyzing the ability of the above-described purified
protein to phosphorylate adenosine, the purified protein was incubated with 0.25
mM adenosine in 50 mM Tris-HCI (pH 7.4) containing 5 mM MgCl,, 2.5 mM
ATP, and 1.0 pCi [y->*P] ATP for 60 min at 37°C. One microliter of each
reaction sample was spotted onto a polyethyleneimine-cellulose thin-layer chro-
matography (TLC) plate (Merck), which was developed in aqueous 1 M acetic
acid and then in aqueous 1.2 M lithium chloride solution. A phosphorimager
analyzer was used to monitor the radioactivity of the samples.

ADK activity from the purified protein or cell extracts was also measured using
a modification of published high-pressure liquid chromatography (HPLC) assay
protocols (52, 73). A standard reaction mixture (100 wl) contained 50 mM
Tris-HCl (pH 8.0), 10 mM dithiothreitol, 2.5 mM ATP, and 2.5 mM adenosine.
The reaction was initiated by the addition of 0.1 or 10 pg of protein and
terminated by heating in boiling water for 3 min. The reaction was conducted at
37°C. Samples were taken at 3-min intervals over the course of a 15-min assay,
and the formation of AMP was monitored by HPLC on an Eclipse XDB C,g
column (4.6 by 250 mm, 5 m, 80A; Agilent Technology) at 260 nm. The mobile
phase consisted of 15% methanol and 100 mM KH,PO,, and the flow rate was
1 ml/min at 30°C. According to the increase of AMP, one unit of ADK catalyzes
the phosphorylation of 1 pmol adenosine per min under these conditions. The
protein concentration in the samples was determined by using a bicinchoninic
acid protein assay kit (Pierce Biotechnology). For characterizing the kinetic
parameters of the purified protein for adenosine or ATP, a reaction mixture
including a range of adenosine (1 to 100 pM) or ATP (0.1 to 20 mM) concen-
trations was used under standard assay conditions. The Michaelis-Menten kinetic
parameter was evaluated by the double-reciprocal plot method.

For GUS activity assay, X. campestris pv. campestris strains were cultured
overnight and diluted to an ODg, of 0.5, and 1.0 ml of each was inoculated into
200 ml of NY medium held in a 500-ml flask. GUS activities were determined at
8-h intervals until 48 h by measurement of the 4,5 using p-nitrophenyl B-p-
glucuronide as the substrate, as described by Henderson et al. (26). Three
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independent experiments were carried out to assay the GUS activity, and each
experiment was performed by determination of three samples for a given strain
at every test point.

ATP determination. ATP levels were determined by a modification of the
luciferin-luciferase bioluminescence assay (32), using prepared standard re-
agents on a luminometer (Sirius single-tube luminometer; Berthold Detection
Systems). After being cultured in NYG medium for 12, 24, or 36 h, cells were
quickly harvested and immediately resuspended in Tris (100 mM)-EDTA (2
mM) buffer (pH 7.75), followed by cooling in an ice bath. Measurements were
done by the addition of 80 ul of luciferase reagent (3 mg/ml) to a 20-pl sample.
Each experiment was performed by determination of three samples for a given
strain at every test point. The standard ATP curves were generated with stan-
dards containing known amounts of ATP in Tris-EDTA buffer.

EPS assay. To estimate EPS production, strains were cultured in 100 ml NY
liquid medium containing 2% (wt/vol) various sugars (xylose, glucose, mannose,
fructose, galactose, sucrose, and maltose) at 28°C with shaking at 200 rpm for 3
days. EPS was precipitated from the culture supernatant with ethanol, dried, and
weighed as described by Tang et al. (59).

Virulence assay and determination of bacterial load in planta. The virulence
of X. campestris pv. campestris to Chinese radish (Raphanus sativus) was tested
by the leaf-clipping method (18). Leaves were cut with scissors dipped in the
bacterial suspensions with an ODg, of 0.1. Lesion length was measured 10 days
after inoculation, and data were analyzed by the ¢ test. The growth of bacteria in
radish leaf tissue was determined as previously described (40).

Cell motility assay. To test cell motility, 2 microliters of overnight culture
(ODgq of 1.0) of each X. campestris pv. campestris strain was spotted onto NYG
swarm plates containing 0.3% agarose and incubated at 28°C for 3 days. The
diameter of the area occupied by strains was measured, and the values were used
to indicate the motility of X. campestris pv. campestris strains. The experiment
was repeated three times.

RESULTS

XC_0690 of the X. campestris pv. campestris strain 8004
encodes an ADK. A BLAST search against the genome of the
X. campestris pv. campestris strain 8004 (GenBank accession
number CP000050) with the amino acid sequence of the ADK
of M. tuberculosis showed that the predicted protein encoded
by the ORF XC 0690 (GenBank accession number YP_
241789.1), which consists of 310 amino acids and is annotated
as a sugar kinase (51), has homology to the M. tuberculosis
ADK. Amino acid sequence pairwise alignments using Vector
NTT suite 9.0 showed that the deduced protein XC0690 shares
32.4% (46.9%) and 18.5% (29.9%) identity (similarity) to the
M. tuberculosis ADK (GenBank accession number A5U4NO0)
and the Saccharomyces cerevisiae ADK (GenBank accession
number P47143), respectively (data not shown). The ORF
XC_0690 is 933 bp in length and located at positions 828812 to
829744 in the complementary strand of strain 8004’s circular
chromosome (Fig. 1). The nearest ORF downstream of XC_
0690, XC_0689, which has the same transcriptional orientation
as XC_0690 and is annotated to encode a putative transcrip-
tional regulator, is 610 bp apart from the stop codon of XC_
0690 (Fig. 1). The nearest ORF upstream of XC_0690, XC_
0691, is annotated to encode a putative rod shape-determining
protein and is transcribed in the opposite direction to XC_0690
(Fig. 1). Using a standard 5’-RACE method, the transcription
initiation site of the gene XC_0690 was mapped at 70 nucleo-
tides upstream of the start codon ATG (Fig. 1).

In order to investigate the biochemical characteristics of the
product encoded by ORF XC_0690, XC_0690 was overex-
pressed with a His, tag in the E. coli strain M 15, as outlined in
Materials and Methods. Separation of crude cell lysates by
SDS-PAGE showed an intense protein band migrating at the
expected molecular mass of 35 kDa (Fig. 2A). To obtain a
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FIG. 1. Genetic and physical map of the ADK-encoding gene XC_0690 in the genome of the X. campestris pv. campestris strain 8004. The
positions and orientations of XC_0690 and other ORFs are shown. Arrows indicate lengths, locations, and orientations of the ORFs, and lines
indicate the intergenic sequences. The middle elements show the PCR-amplified fragments used for expression, mutation, and complementation
analysis. The transcriptional start site of XC_0690 is indicated by a square. The putative —10 and —35 sequences and the Shine-Dalgarno sequence

are shown.

preparation apparently free from contaminating proteins, the
fusion protein with a His, tag was purified using an Ni-NTA
column (Fig. 2A). To verify whether the purified protein
XC0690-His, has ADK activity, its ability to phosphorylate
adenosine to form AMP was examined by the radiometric TLC
method. The AMP formation was detected by incubating the
purified XC0690-His, protein with 0.25 mM adenosine, 2.5
mM ATP, and 1.0 wCi [y-**P] ATP for 1 h at 37°C before TLC
separation of substrate and product. The results showed that
the purified XC0690-His, protein could direct the formation of
AMP from adenosine and ATP (Fig. 2B). The ability of the
protein XC0690-His, to phosphorylate a range of sugars, in-
cluding arabinose, xylose, sorbitol (glucitol), mannose, manni-
tol, sorbose, fructose, galactose, rhamnose, sucrose, and mal-
tose, was also tested by the TLC method described previously
(41). No detectable phosphorylation of any of these sugars by
XC0690-Hisg was observed (data not shown). The ADK activ-
ity of XC0690-His, was further quantitatively measured by
HPLC with 2.5 mM ATP and 1, 5, 10, 15, 20, 50, or 100 uM
adenosine, and the activity values were 0.0098, 0.022, 0.0315,
0.0409, 0.045, 0.05, and 0.0516 wmol min~' mg protein™’,
respectively (Fig. 2C). The Michaelis-Menten kinetic parame-
ters were then evaluated by the double-reciprocal plot method.
The apparent K,,, value and the specific activity were deter-
mined to be 10.5 uM and 6.78 X 10* U (mg protein) ", re-
spectively. The ADK activity was also measured with a range of
ATP concentrations and 2.5 mM adenosine (Fig. 2D), and the
K, value was determined to be 1.74 mM. These results dem-
onstrate that ORF XC_0690 of the X. campestris pv. campestris
strain 8004 encodes an ADK. Thus, we rename the gene XC _
0690 as adk ...

Mutation of adky,. resulted in an accumulation of intracel-
lular adenosine and reductions of intracellular ADK activity
and ATP level. To explore the physiological role of adk.., we
constructed a mutant with a single-crossover insertion muta-
tion of ORF XC_0690 by the homologous suicide plasmid
integration method (69) (see Materials and Methods for de-
tails), which was designated as 0690pk (Table 1). Simulta-

neously, a complemented strain, named C0690pk (Table 1),
was also created by introducing the recombinant plasmid
pL0690 (Table 1), in which a 1,112-bp DNA fragment from 177
bp upstream to 2 bp downstream of the XC_0690 ORF se-
quence (Fig. 1) was cloned into the vector pLAFR3, into the
mutant strain 0690pk. To clarify whether a mutation in adky..
has any effect on bacterial growth, the growth rates of the
mutant 0690pk and the wild-type 8004 in the nutrient-rich
complex medium NYG and the minimal medium MMX were
compared. The results showed that the mutant grew in a fash-
ion similar to that for the wild-type strain in both media (data
not shown); the doubling times of the two strains were 2.2 h in
NYG and 4.4 h in MMX, respectively, indicating that a muta-
tion in adky.. does not affect the growth of X. campestris pv.
campestris in standard media.

The intracellular ADK activities of the mutant strain 0690pk
and the wild-type strain 8004 were tested and compared. Cell
extracts of the strains were prepared from cultures grown in
NYG liquid medium supplemented with appropriate antibiot-
ics (i.e., Rif for the wild type and Rif and Kan for the mutant)
for 18 h, and their ADK activities were measured by the HPLC
assay. As summarized in Table 2, the adky.. mutant 0690pk
exhibited a substantial reduction in intracellular ADK enzy-
matic activity, where the level of ADK activity was approxi-
mately 10% of the wild-type level. The complemented strain
C0690pk had a level of ADK activity that was considerably
elevated over that of the wild type (Table 2). The residual
ADK activity measured in the mutant is probably a back-
ground activity.

To assess the effect of a mutation in adky.. on the level of
intracellular adenosine, adenosine was extracted from cultures
grown in NYG medium for 18 h and measured by HPLC assay.
The results showed that the adenosine content in the adky,.
mutant was highly enhanced. The adenosine level in the adk .
mutant was approximately 10-fold more than that in the wild
type (Table 2). In addition, the adenosine level in the comple-
mented strain C0690pk was similar to that in the wild-type
strain (Table 2). Taken together, these results reveal that a



Vor. 191, 2009

@!
o
&

e
o
&

S
=3
=

e
Q
=

ADK activity
(umol min™ mg protein™)
o
& ¢

e
o
[=4

o

0 20 40 60 80 100 120
Adenosine content (uM)

ADK activity

mol miri" mg proteiri’)

1
o
o
e

-

o

o
5

10 15 20 25
ATP content (mM)

FIG. 2. Purification and characterization of the Hiss-tagged recom-
binant protein XC0690 from E. coli. (A) SDS-PAGE analysis of
XC0690-His, expression and purification on Ni-NTA resin (Qiagen).
Lanes: 1, crude extract of E. coli M15; 2, crude extract of E. coli
M15/pQE-30-0690 before induction with IPTG; 3, crude extract of E.
coli M15/pQE-30-0690 after induction with IPTG; 4, affinity-purified
XC0690-His, protein; M, molecular mass markers. (B) Radiometric
assay result of adenosine phosphorylation by XC0690-Hiss,. A 5-pl
sample of reaction mixture was spotted onto TLC plates. Lanes: 1,
AMP standard; 2, reaction without XC0690-Hisg; 3, reaction with 0.5
mg/ml of XC0690-His; 4, reaction without adenosine. (C) Rate of
XC0690-Hisg-catalyzed conversion of adenosine to AMP at different
adenosine concentrations. The data shown are from a representative
experiment, and values are the means * standard deviations from
triplicate measurements. (D) Rate of XC0690-Hise-catalyzed conver-
sion of adenosine to AMP at different ATP concentrations. The data
shown are from a representative experiment, and values are the
means * standard deviations from triplicate measurements.
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mutation in adky. can lead to a significant reduction of intra-
cellular ADK activity and a substantial accumulation of the
intracellular adenosine in X. campestris pv. campestris.

The effect of a mutation in adky.. on the intracellular energy
ATP level was also assessed. Strains were cultured in NYG
medium, and their intracellular ATP levels were measured by
the luciferin-luciferase bioluminescence assay. As shown in
Table 2, the adky.. mutant had only 82.9, 79.8, and 77.1% of
the wild-type intracellular ATP level when cultured for 12, 24,
and 36 h, respectively. The reduced ATP level of the mutant
could be restored to the wild-type level by adky.. in trans; i.e.,
the ATP levels in the complemented strain and the wild type
were almost the same (Table 2). These results show that ADK
deficiency can lead to a decrease of the intracellular ATP level
in X. campestris pv. campestris.

Mutation in adky, . results in attenuation of the virulence
and growth of X. campestris pv. campestris in the host plant. X.
campestris pv. campestris is a xylem-colonizing systemic patho-
gen that generally invades plant leaves through hydathodes
and wounds and multiplies in vascular tissues. In order to
evaluate whether ADK activity in X. campestris pv. campestris
plays a role in pathogenesis, we tested the virulence of the
adky.. mutant strain 0690pk on Chinese radish by the leaf-
clipping method, which introduces the bacteria directly into
the vascular system (18). The result showed that at 10 days
after inoculation, the mutant produced disease symptoms with
a mean lesion length of only 4.3 mm on the infected leaves,
while the wild-type strain produced a mean lesion length of 13
mm (Fig. 3A and B). As analyzed by the ¢ test, the mean lesion
length caused by the adk.. mutant was significantly less than
that caused by the wild type (P = 0.01). The disease symptoms
caused by the complemented strain were as severe as those
caused by the wild type (Fig. 3A and B), indicating that the
virulence of the adk.. mutant could be restored by adky.. in
trans.

To verify whether a mutation in adk. has any effect on the
growth of X. campestris pv. campestris in host tissues, the
bacterial cells from the infected radish leaves were recovered
and calculated as CFU. The results showed that the number of
the mutant bacterial cells was more than 10-fold fewer than
that of the wild type at 1 day postinoculation and afterward
(Fig. 3C). The growth of the mutant in planta could be com-
pletely restored by adky.. in trans (Fig. 3C). Taken together,
these results reveal that the ADK activity is required for X.
campestris pv. campestris to proliferate well and to attain full
virulence in host plants.

Mutation in adky .. negatively affects EPS production and
cell motility. X. campestris pv. campestris produces EPS and a
series of extracellular enzymes, including protease, endoglu-
canase and amylase, which are collectively essential for patho-
genesis (17). To investigate whether a mutation in adky.. has
any effect on these pathogenicity-related factors, the EPS yield
and the activity of the three extracellular enzymes produced by
the adky. mutant 0690pk were determined. The results
showed that the activities of extracellular amylase, endoglu-
canase, and protease produced by the mutant were similar to
those of the enzymes produced by the wild type (data not
shown). However, the adky.. mutant produced 30 to 60% less
EPS than the wild type in NY medium supplemented with 2%
of various sugars (Table 3). The EPS yields for the comple-



3644 LU ET AL.

J. BACTERIOL.

TABLE 2. ADK activity and adenosine and ATP contents in X. campestris pv. campestris strains

ADK activity (pmol AMP

Adenosine content (nmol g~

1 ATP content (wmol g~ [dry wt] cells)” at:

Strain® min~! mg protein~')” [dry wt] cells)® h 24 h 36 h
8004 (wild type) 591+22a 143+21a 34+0.18a 252=x0.12a 175+ 0.14 a
0690pk (adky,. mutant) 55+08b 142 = 17b 282*+013¢ 201 *=0.15¢ 135+ 0.11c¢
C0690pk (complemented mutant) 77 =38a 126 =32a 336 +x0.15a 245+0.18a 1.83 £0.15a

@ Strains were cultured in the nutrient-rich complex medium NYG.

> Data presented are the means * standard deviations of triplicate measurements from a representative experiment, and similar results were obtained in two other
independent experiments. Different letters a and b indicate significant differences at a P value of 0.01 (7 test); a and c indicate significant differences at a P value of

0.05.

mented mutant and the wild type were similar (Table 3), sug-
gesting that the reduction in EPS production of the mutant
could be restored to the wild-type level by adkx.. in trans.

The proteins encoded by the gum gene cluster direct assem-
bly of the pentasaccharide repeating unit, polymerization, and
the export of EPS (28, 64). To verify whether ADK deficiency
in the adk . mutant induces changes in the expression level of
the gum cluster, the reporter plasmid pL6gumGUS, which
carries the promoter region of the gum operon fused to the
coding region for gusA4 (65), was transferred to the wild type
and the mutant by triparental mating, resulting in the transcon-
jugant strains 8004/pL6gumGUS and 0690pk/pL6gumGUS
(Table 1), respectively. The GUS activities produced by the
transconjugant strains cultured under the conditions used for
EPS production determination as described above were then
assayed. The results showed that the GUS activities in the
mutant background were reduced 28, 12, and 17% compared
to those in the wild-type background when culture was for 24,
36, and 48 h (Table 4), respectively. As analyzed by the 7 test,
the GUS activity in the mutant background was significantly
reduced at 24 h (P = 0.01 by ¢ test) and 48 h (P = 0.05 by ¢ test)
compared to that in the wild-type background, although the
GUS activities in the mutant background at 36 h showed no
significant differences (P = 0.05) by the ¢ test compared to
those in the wild-type background. This suggests that inactiva-
tion of adky. may negatively affect the transcription level
of the gum operon.

The cell motility of the mutant 0690pk was also tested. On
the tested plates, the mutant displayed severely weakened mo-
tility compared to the wild type (Fig. 4). The radii of the growth
zones resulting from migration away from the inoculation
points on the agarose surface were about 0.5 cm for the mutant
and 2.2 cm for the wild type. As analyzed by the ¢ test, the mean
radius of the mutant was significantly shorter than that of the
wild type (P = 0.01). The radii of the complemented strain and
the wild-type strain were not significantly different (P = 0.05),
indicating that the mobility of the mutant could be restored to
wild-type level by adky.. in trans. In addition, a gumB mutant
(010D08) and a motB mutant (098A02) were also included in
the assay. In X. campestris pv. campestris, gumB and motB
encode an EPS export protein and a putative flagellar motor
component, respectively (51, 67). On the swarming test plates,
the adky.. mutant and the motB mutant showed similarly de-
fective motility (Fig. 4). Interestingly, the gumB mutant also
showed defective motility (Fig. 4). Although how EPS affects
bacterial motility is unknown, these results further indicate

that the ADK of X. campestris pv. campestris is implicated in
bacterial motility.

The expression of adky,.. is enhanced by glucose and other
sugars. To gain understanding of the expression profile of
ADK in X. campestris pv. campestris, we employed the gus
reporter as an indicator to determine the expression level of
adk... The reporter plasmid pGUS0690, carrying the fused
471-bp adky.. promoter region and the promoterless gus gene,
was constructed and introduced into the wild-type strain 8004
to create the reporter strain 8004/pGUS0690. The GUS level
in strain 8004/pGUS0690 may mirror the expression level of
adk... The strain 8004/pGUS0690 was cultured in NY me-
dium and in NY containing 2% glucose, and GUS activity was
measured at 8-h intervals until 48 h. As shown in Fig. 5, al-
though the GUS activities produced by the reporter strain
grown in NY medium with or without glucose rose gradually
from early logarithmic phase to late decline phase, the GUS
activity in the cells cultured in N'Y with glucose was about 30%
stronger than that in cells cultured in NY alone at all of the
tested points. These differences are significant (P = 0.01 by ¢
test). The GUS activities were also tested when the reporter
strain was cultured in NY medium containing 2% sucrose,
fructose, mannose, or galactose. In all the cases, the values of
the GUS activity were similar to those for the strain cultured in
NY containing glucose (data not shown). ADK activity of the
wild-type strain 8004 grown in NY supplemented with glucose
was also assessed over the course of bacterial growth. The
results showed that the ADK enzymatic activity profile of the
wild type was similar to the GUS activity profile (data not
shown). Taken together, these results imply that the expression
of adky .. may be enhanced by various sugars.

DISCUSSION

ADK is a typical housekeeping enzyme in eukaryotes. Be-
cause of its essential roles in metabolism and its potential as a
therapeutic target for control of parasitic protozoa and dis-
eases such as epilepsy and stroke (4, 23, 42), the eukaryotic
ADK has been intensively studied. In contrast, as described
above, very little work has been done on the prokaryotic coun-
terpart. As bacteria synthesize purines de novo and might not
necessarily acquire a purine salvage enzyme, it has long been
considered that ADK is not common in bacteria. To the best of
our knowledge, only two bacterial ADKs have been identified
from gram-positive bacteria (39, 52), and the adk.. identified
from X. campestris pv. campestris strain 8004, reported in this
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FIG. 3. adky.. is required for full pathogenicity of X. campestris pv.
campestris for Chinese radish. (A) Symptom production on leaves 10
days after inoculation by clipping with the adky .. mutant 0690pk, the
wild-type strain 8004, and the complemented mutant C0690pk.
(B) Mean lesion lengths caused by different strains. The adky.. mutant
has attenuated virulence; as analyzed by the ¢ test, the mean lesion
length caused by 0690pk was significantly less than that caused by the
wild type (P = 0.01). Values given are the means * standard deviations
from 30 measurements. (C) Bacterial populations of the adky. mu-
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paper, is the first ADK to be characterized from a gram-
negative bacterium. The other two X. campestris pv. campestris
strains, ATCC 33913 and B100, whose genomic sequences
have been determined contain a putative protein homologous
to ADK... Amino acid sequence pairwise alignments showed
that the predicted proteins encoded by the ORF XCC_3471 of
strain ATCC 33913 and the ORF xccb100_0723 of strain B100,
which are annotated as a sugar kinase and a putative carbohy-
drate kinase, respectively (15, 67), share 100 and 99% identity
to the ADK . of strain 8004, respectively (data not shown). In
addition, our previous array-based comparative genome
hybridization analyses demonstrated that the ORF encoding
ADKy.. is highly conserved in all of the 18 other X. campestris pv.
campestris strains tested (25). These results suggest that the
ADK enzyme is widely distributed among X. campestris pv.
campestris bacteria. Interestingly, a sequence comparison
search showed that a number of other gram-negative bacteria,
such as Xanthomonas oryzae, Xanthomonas axonopodis,
Stenotrophomonas maltophilia, Nitrosococcus oceani, Methylo-
coccus capsulatus, Burkholderia phymatum, Ralstonia so-
lanacearum, and Bordetella petrii, contain genes encoding pu-
tative proteins that display >50% amino acid sequence
homology with ADK.., which are annotated as sugar kinases
or carbohydrate kinases (data not shown). The high sequence
homology suggests that some of these proteins may have ADK
activity.

The fact that ADK.-deficient mutant could still grow well
as the wild type not only in rich medium but also in minimal
medium suggests that ADK. is not a housekeeping enzyme
in X. campestris pv. campestris and that the X. campestris pv.
campestris pathogen may synthesize purines de novo. In the de
novo purine synthesis pathway, there are 10 enzymatic steps
that lead from 5-phosphoribosyl 1-pyrophosphate to the IMP
branch point; then, IMP is converted in two steps to AMP and
in two steps to GMP (19). Indeed, ORFs encoding all of the
enzymes for de novo purine synthesis (i.e., purF, amidophos-
phoribosyltransferase [ XC_3282]; purD, phosphoribosylamine-
glycine ligase [XC_0509]; purT, phosphoribosylglycinamide
formyltransferase [XC_1322]; purL, phosphoribosylformylgly-
cinamidine synthase [XC_3578]; purM, phosphoribosylamino-
imidazole synthetase [XC_1324]; purE, phosphoribosylamino-
imidazole carboxylase catalytic subunit [XC_1613]; purK,
phosphoribosylaminoimidazole carboxylase ATPase subunit
[XC_1614]; purC, phosphoribosylaminoimidazole-succinocar-
boxamide synthase [XC_0467]; purB, adenylosuccinate lyase
[XC_2744]; purH, bifunctional phosphoribosylaminoimida-
zolecarboxamide formyltransferase/IMP cyclohydrolase [XC_
0510]; purA, adenylosuccinate synthetase [XC_3193]; and adk,
adenylate kinase [XC_0873]) are present in the genome of the
X. campestris pv. campestris strain 8004 (51), although the
enzymatic functionality of their putative products remains to
be clarified.

tant, the wild type, and the complemented strain in host leaves. Inoc-
ulated leaves for each strain were taken daily and homogenized in
sterile water. The homogenates were diluted and then plated on NYG
plates. Bacterial CFU were counted after incubation for 3 days. Data
are the means * standard deviations from three replicates.
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TABLE 3. EPS production in X. campestris pv. campestris strains

EPS yield (g/liter)’ with:

Strain®
Xylose Glucose Mannose Fructose Galactose Sucrose Maltose
8004 (wild type) 332+x023a 98*0.14a 656*+032a 682*+038a 7.17*x034a 9.62*032a 959*035a
0690pk (adk .. mutant) 1.77+029b 4.13*+024b 285*=044b 3.85=*x029b 276=*036b 4.15*026b 4.16*+041Db
C0690pk (complemented mutant) 3.41 £0.35a 9.85=*047a 6.61+037a 696*034a 725x016a 971*x029a 95*0.19a

@ Strains were cultured in NY medium supplemented with various sugars (2%).

> Data presented are the means * standard deviations of triplicate measurements from a representative experiment, and similar results were obtained in two other
independent experiments. Different letters indicate significant differences (P = 0.01; ¢ test).

A mutation in adky_ resulted in a significant attenuation of
the bacterial virulence and growth in the host plant, indicating
that the activity of the purine salvage enzyme ADKy.. is im-
portant for full pathogenicity of X. campestris pv. campestris.
The adky.. mutant produced significantly less EPS and dis-
played severely weakened motility compared to the wild type.
The pathogenesis of X. campestris pv. campestris is a complex
process involving several steps; these mainly include invading
into host plants through hydathodes and wounds, multiplying
in the intercellular spaces, spreading via the vascular system,
and causing disease symptoms (9). Cell motility allows bacteria
to obtain more or better nutrients, avoid toxic substances or
unfavorable environments, find a host, and disperse effectively
(63). Though the ability to move toward or within a potential
host generally confers a significant selective advantage on bac-
teria that are pathogenic to animals, the role of motility in
phytopathogenic bacteria is not as well understood (49, 63). In
certain bacteria, e.g., Erwinia amylovora, Pseudomonas phase-
olicola, Pseudomonas syringae, and R. solanacearum, motility
has been suggested to make contribution to bacterial virulence
in the early stages such as invasion and colonization (3, 24, 50,
60). Recently, we have demonstrated that RsmA and DsbB of
X. campestris pv. campestris, which are required for full viru-
lence, are involved in various cellular processes, including cell
motility (10, 30). More recently, it has been shown that the
virulence-deficient mutants derived from a mutation in the
genes XC_2249 and XC_3221 of the X. campestris pv. campes-
tris strain 8004 displayed a reduction in cell motility (43). EPS
has been demonstrated to be an important virulence factor in
X. campestris pv. campestris. It can enhance the susceptibility
of host plants by suppressing defense responses such as callose
formation (72) and can contribute to biofilm formation (18, 61)
and bacterial resistance against host defenses. It may also serve

TABLE 4. Expression of the gum-gusA reporter in X. campestris pv.
campestris strains

GUS activity (mg para-nitrophenol produced
per min per OD unit)” at:

Strain®
24 h 36 h 48 h
8004/pL6gumGUS 0.74 £0.027a 149 +0.15a 224*+0.26a
0690pk/pL6gumGUS  0.53 £ 0.06b 131 £0.075a 1.85 *0.14c

@ Strains harboring the reporter plasmid pL6gumGUS were grown in NY
liquid medium supplemented with 2% (wt/vol) glucose.

® Values for GUS activity are the means *+ standard deviations of triplicate
measurements. Data presented are from a representative experiment, and sim-
ilar results were obtained in two other independent experiments. Different letters
a and b in the data column indicate significant differences at a P value of 0.01 (¢
test); a and c indicate significant differences at a P value of 0.05.

to mask bacterial cells to prevent recognition by the host and
to enable colonization of host tissues (1).

The biosynthesis of EPS in X. campestris pv. campestris is a
complicated process, which requires a series of enzymes and a
significant proportion of total cellular nicotinamide cofactors
(29). The assembly and polymerization of the subunits and the
export of EPS are directed by the gum cluster (28). The finding
that the adky.. mutant strain 0690pk harboring the gum pro-
moter-gusA transcriptional fusion reporter plasmid pL6gum
GUS produced lower GUS activity than the wild type carrying
the same plasmid suggests that a mutation in adk . negatively
affects the expression of the gum cluster, resulting in a reduc-
tion of EPS. EPS synthesis by X. campestris pv. campestris also
requires a significant amount of ATP (29). Disruption of
adky.. led to a significant reduction of ATP in X. campestris pv.
campestris. The ATP reduction may be one of the major
causes that negatively affect EPS production as a result of
adk .. mutation. It is well known that ATP provides the energy
that drives manifold energy-requiring activities of all living
cells, including synthesis of complex biomolecules, osmosis in-
volving in transporting substances into cells, and cell motility.
In addition to reductions in EPS production and cell motility,
the significant ATP diminution in the adky. mutant may in-
fluence other cellular processes, one (or several) of which may
play roles in the pathogenicity of X. campestris pv. campestris.

FIG. 4. Motilities of X. campestris pv. campestris strains. Cells were
inoculated onto NYG plates supplemented with 0.3% agarose from
overnight cultures and photographed after 3 days of incubation at
28°C. The adkx. mutant 0690pk is deficient in cell motility, which
could be restored to the wild-type level by providing a plasmid bearing
the adky,. gene (i.e., the complemented strain C0609pk).
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FIG. 5. Expression of adky.. in X. campestris pv. campestris. The
wild-type strain 8004 harboring the reporter plasmid pGUS0690 was
cultured in NY medium or in NY supplemented with 2% glucose. The
curve represents bacterial growth in NY containing glucose, which is
almost identical to that in NY only. Open and filled bars represent
GUS activities of the reporter strain cultured in NY medium and NY
containing glucose, respectively. Values given are the means and stan-
dard deviations of triplicate measurements. The data presented are
from a representative experiment, and similar results were obtained in
two other independent experiments.

Disruption of adky.. resulted in a significant accumulation
of intracellular adenosine. Whether the adenosine accumula-
tion in X. campestris pv. campestris cells will alter the expres-
sion of certain genes or the balance of certain metabolic path-
ways remains to be further investigated. In eukaryotes,
adenosine can act as an endogenous regulator of innate im-
munity and a signal regulator involved in physiology and mod-
ulation of the function of numerous cell types (6). In the
gram-positive bacterium S. /ividans, it has been demonstrated
that loss of ADK activity results in adenosine accumulation,
which in turn strongly inhibits the sporulation process, while a
yet-to-be defined metabolic change(s) suppresses actinorhodin
production and activates undecylprodigiosin biosynthesis (52).
Further studies are required for our understanding of the full
functions of ADK and adenosine in X. campestris pv. campes-
tris and other bacteria.
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